Aortobronchial fistula (ABF) involves the formation of an abnormal connection between the thoracic aorta and the central airways or the pulmonary parenchyma and is associated with an increased risk of mortality. An ABF typically manifests clinically with symptoms of hemoptysis, and currently, there is a lack of defined guidelines for its treatment. Here, we report the cases of two patients who suffered from recurrent hemoptysis due to ABF with pseudoaneurysm. We propose that removal of the aorta with concomitant lung resection and coverage of the aorta using the pericardial membrane is a definite treatment to lower recurrence of ABF and persistent infection.
Introduction
Aortobronchial fistula (ABF) is a rare and devastating complication if left untreated. It involves the formation of an abnormal connection between the thoracic aorta and the central airways or the pulmonary parenchyma and results in fatal complications [1] . With the increasing use of thoracic endovascular repair (TEVAR), the number of patients treated for ABF has increased [2, 3] . Most ABFs occur in ill patients; therefore, there is no determined treatment. Conservative non-surgical therapy can result invariably in a fatal outcome from massive hemoptysis or chronic mediastinitis [4] , and stent-graft insertion is safe and less invasive. However, there are limitations, and generally there is a higher risk of graft infection with repeated ABFs [4, 5] . Here, we present patients with ABFs that have been successfully treated by removal of the aorta, concomitant resection of the lung, and coverage of the aorta using the pericardial membrane to prevent further erosive damage.
Patient consent
All authors declare that written informed consent was obtained from the patient for publication of this case report and accompanying images.
Case 1
A 65-year-old man visited an outpatient clinic with a complaint of recurrent hemoptysis. The patient was diagnosed with ABF with pseudoaneurysm 4 years previously ( Fig. 1A ) and underwent TEVAR (42×38×150 mm, 40×40×130 mm; S&G Biotech, Seongnam, Korea). Two years post-TEVAR, the patient presented with recurrent episodes of hemoptysis and chills during a routine follow-up visit.
Chest computed tomography (CT) imaging revealed a newly formed type 1a endoleak and an even larger pseudoaneurysm at the previous stent insertion site ( Fig. 1B) . To rectify these problems, a hybrid debranching TEVAR was performed on the innominate artery and left common carotid artery (40×40×200 mm; S&G Biotech) via a medial sternotomy. After the second TEVAR, several episodes of sudden hemoptysis occurred that were initially negligible, but the symptoms gradually became severe. The patient was hemodynamically stable; however, mild signs of a systemic inflammatory response were noted. In the emergency department, chest CT revealed a type 1b endoleak from the previous stent-graft with progression of the pseudoaneurysm and lung consolidation with atelectasis ( Fig. 1C, 1D ).
The patient underwent surgery using extracorporeal circulation via femorofemoral cardiopulmonary bypass (CPB). An approach was made through the 4th and 7th intercostal spaces for proximal and distal graft anastomosis site manipulation, respectively. After removal of the lung adhesion, an opening was made in the pseudoaneurysm. The cut revealed a dark hematoma and inflammatory tissue within the vessel. Dissection between the visceral pleura and the aorta seemed unfeasible due to the large degree of adhesion. The presence of extensive lung hemorrhage and necrotic change led to the decision to entirely remove the affected lesion. Stent-graft removal, 30-mm Hemashield graft replacement, and left apicoposterior-anterior segmentectomy were performed simultaneously. As a preventive measure, space between the stentgraft and pulmonary tissue was packed with the pericardial membrane. The patient's condition gradually improved, and he was discharged on postoperative day (POD) 22 ( Fig. 2 ).
Case 2
A 66-year-old man was admitted to our medical center with massive and recurrent hemoptysis over a 4-year period. The patient was initially diagnosed with ABF with pseudoaneurysm and had undergone TEVAR (38 × 38 × 150 mm; Valiant Thoracic Stent Graft, Medtronic CardioVascular, Santa Rosa, CA, USA) ( Fig. 3A) . Two years post-TEVAR, the patient visited our medical center's emergency room with another episode of hemoptysis. A kinking stenosis of the aortic isthmus stent-graft was discovered via chest CT, and a new stent-graft (40 × 40 × 80 mm, Valiant Thoracic Stent Graft) was inserted ( Fig. 3B ). Furthermore, the patient had displayed malaise, chills, and recurrent hemoptysis at admission; however, there were no clinical or biological signs of infectious disease, and vital signs were stable. There was no evidence of endoleaks via chest CT, but air entrapment within the thrombosed aneurysm and lung consolidation were found ( Fig. 3C ). Bronchoscopy revealed oozing at the left upper lobe orifice ( Fig. 3D ).
Due to the possibility of infection, we decided to perform open surgery to remove the ABF causing the hemoptysis. An initial incision was made in the 3rd or 4th intercostal space with the assistance of CPB. There was a severe adhesion between the previously inserted stent-graft and the left upper lobe. Upon exposing the pseudoaneurysm, the affected stent-graft was removed, and a 30-mm Hemashield graft was inserted as a replacement. The left lower lung was relatively well-preserved; however, an apicoposterior segment of the left upper lung was suspected of fistula formation. A left upper lobectomy was performed with coverage of the aorta using the pericardial membrane. After administration of adequate antibiotic therapy for 8 weeks, the patient was discharged after POD 30 with oral antibiotics (Fig. 4) .
Discussion
ABF is a rare diagnosis and has a relatively low incidence, ranging from 0.56% to 1.7% [1, 2, 6] . There are several causes of ABF with persistent or newly developed endoleaks playing a crucial role after TEVAR [1] . The postulated cause of ABF post-TEVAR includes stent-graft coverage of the bronchial arteries leading to ischemic necrosis of the bronchial wall due to stent coverage of the feeding arteries, chronic endoleaks leading to erosion into the adjacent lung, and penetration of the stent-graft through the aortic wall into the lung [7] . In recent years, there has been an increase in the number of patients diagnosed and treated for ABF post-TEVAR [1, 7, 8] . Pseudoaneurysm as an indication for TE-VAR represents a significant risk factor for ABF. Compression of the airways by the pseudoaneurysm may result in a local inflammatory response and the formation of stable adhesions and tissue necrosis, leading to erosion and finally fistulization [2] . In addition, longstanding atelectasis may indicate adherence to the aneurysmal aortic wall that is already lacking elasticity, and external compression of the bronchial tree might also occur [8] .
Clinical presentation of ABF can be a display of hemoptysis at any degree [5, 9, 10] . A diagnosis is primarily determined by CT, with CT angiography being considered the first diagnostic imaging study performed in the majority of cases due to its ease of use in emergency situations. Although CT rarely detects fistulous tracts, suggestive signs of ABF are present in most patients, which include air entrapment within the thrombosed aneurysm, periaortic fluid collection, bronchial wall thickening, and lung consolidation [11, 12] .
The most important factor in the prognosis of ABF patients is the presence of infection. Once infection has occurred within the vessel, it readily extends to the bronchial wall and lung parenchyma, which can ultimately lead to sepsis. When infection of the stent-graft or pseudoaneurysm is suspected, the majority of cases will require repair via open surgery [13] . Although surgical principles dictate control of infection, removal of all infected tissues and reconstruction in a clean field is not always achievable, as it places a huge demand on an already sick patient [13] . Moreover, operative mortality was approximately 50% in patients with infection [6, 14] .
The principles of treatment of ABFs are based on the condition of the patient. Conservative non-surgical therapy with antibiotic treatment is used in patients that do not consent to invasive treatment due to low levels of hemoptysis and/or multiple comorbidities. However, conservative non-surgical therapy results invariably in a fatal outcome as a result of massive hemoptysis or chronic mediastinitis [4] . Endovascular repair followed by antibiotic therapy is described in the treatment of ABF, particularly in cases unfit for open surgical treatment [15] . Within the last decade, several case reports have described initial success with treatment of ABF using stent-graft insertion, suggesting more widespread use of this approach. The perioperative outcomes of endovascular repair have been favorable with a low 30-day mortality rate (6.4%) [5] . It is uncertain whether endovascular repair alone provides a complete and reliable cure for an ABF as endovascular repair can result in risk of recurrence or stent-graft infection [4] . From these findings, direct contact between the involved aorta and the pulmonary tissue should be avoided to prevent further erosive damage and subsequent infection. Open ABF repair is associated with a high mortality rate, reported at 15% to 41%, related to the need for thoracotomy, thoracic aortic cross-clamping, and the surgical replacement or repair of the thoracic aorta with concomitant resection of the pulmonary segments [2, 4, 9, 14] .
In our cases, the most important factor for determining the cause of the ABF was the formation of a large pseudoaneurysm. If we considered more invasive surgical intervention initially or followed stricter indications for TEVAR, we could have avoided multiple procedures. From the operative findings, severe necrosis and inflammation of the lung and periaortic tissue were present in contrast to the mild symptoms of the patient. The presence of necrotic tissue increased the risk of infection, and we thought the presence of infection was critical to prognosis. To reduce the incidence of long-term persistent infection, we performed concomitant stent-graft removal and necrotic lung resection.
In the case of recurrent hemoptysis, ABFs should be managed unconditionally to prevent devastating complications, and either elective or emergent open repair should be determined according to the patient's symptoms and hemodynamics. The risk of infection and recurrent ABF is high if the bronchial lesion is left untreated; therefore, a TEVAR-only approach is not advisable [5] . To reduce the incidence of long-term persistent infection and recurrent ABFs, removal of the aorta and necrotic lung tissue must be performed simultaneously.
This report highlights the utility and benefits of a surgical approach to resolve ABFs and potentially eliminate infected lesions. On the basis of our experience with these cases, we would like to emphasize the importance of ABF management in pseudoaneurysm patients and recommend a surgical approach that involves total resection of the affected area as a guideline treatment for ABF with pseudoaneurysm.
